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________________________________________________________________________

Planar magnetron cathodes have arching magnetic field
lines which concentrate plasma density near the
electrode surface. This enhances the ion bombardment of
the surface and the yield of sputtered atoms. Magnetron
cathodes are used in the Plasma Electrode Pockels Cell
(PEPC) devices of the Laser Program because they
provide for significantly higher conduction than do glow
discharges. An essential feature of magnetron cathodes is
that the vector product of the perpendicular electric field,
E y, with the parallel component of the magnetic field, Bx,
forms a closed track with a circulating current along the
cathode surface. An analytical, 2D, two component, quasi-
neutral, continuum model yields formulas for the plasma
density: n(x,y), the total and component current densities:
j(x,y), je(x,y), j+ (x,y), the electric field: Ey(y), and the
positive electrical potential, φ∞ , between the cathode
surface and a distant, uniform plasma. For a specific gas
the free parameters are electron temperature, Te , gas
number density, N, and total current, I0 . The magnetic
field B (x,y) is assumed known. This model includes the
convective terms (v ⋅ ∇ v /ν e N  ≠  0), and an explicit
dependence on the collision frequency with gas molecules
(ν eN, ν+N). Typical parameters are: helium pressure of 1 to
100 milli-torr, B at the cathode surface of 200 to 2000
gauss, voltage from 200 to 800 volts, and plasma density
decreasing from one to three orders of magnitude within
3 to 10 cm from the cathode surface. The model is
applied to the interpretation of experimental data from
the PEPC device, as well as a small vacuum facility for
testing magnetron cathodes. This comparison shows that
T e for a magnetron cathode (3 -> 8 eV) adjusts to ensure



2

that α 0τ ≈ 2.5 in helium, where α 0  is the ionization rate
(104 -> 105 s-1), and τ  is the electron transit time between
the cathode and the distant unmagnetized plasma (10 ->
100 µs). The α 0τ  through the cathode fall of a helium glow
discharge is about 2.5, though this occurs at much higher
voltage. Finally, the model has been applied to generate
cross sectional views of a PEPC magnetron cathode track.
These views illustrate why high current pulses applied to
low current DC magnetron discharges are channeled to
the outer edges of the track. All calculations and plots
(including the synthesis of B (x,y)) are done in a single
program with Mathcad3.1 on a Macintosh IIfx or a
Macintosh IIsi computer.

________________________________________________________________________

I n t r o d u c t i o n

This report is a collection of illustrations utilized to amplify the
description given in the abstract above, and originally presented as a
seminar. The 2D fluid model referred to is fully described in UCRL-
ID-122494 (available online).1 The present report will concentrate on
these points: 1) the proper electron temperature to select in applying
the model is that which produces α 0τ ≈ 2.5 (helium discharge), and 2)
the model is useful in visualizing the distribution of plasma and
current flow in a discharge.

Experimental Environment

Figure 1 is a schematic of the PEPC device. Planar plasmas are
created on either side of a sheet of KDP crystal, and used as
transparent electrodes to impose a pulsed electric field through the
sheet. KDP is an electro-optic material, and the plane of polarization
of an incident laser beam is rotated under the action of this field.
This device is an elaborate shutter. Magnetron cathodes have been
used in PEPC devices because they provide for more plasma, and a
higher conductivity “plasma electrode,” than is the case with glow
discharges. A typical magnetron cathode has two closed parallel
tracks of magnets with different orientation: for example the outer
track may have the north pole facing up, and the inner track with
south pole up. This arrangement produces a closed circuit of
transverse magnetic field along the cathode surface, and is shown in
Figure 1 as a gray racetrack. Plasma density is concentrated in this
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track, and drifts along the closed path under the action of an E  × B
force.

 anode
front window

KDP crystal
cathodes

rear window

E KDP

Figure 1: PEPC, for rotating laser beam plane of polarization

The dual magnet rail (on either side of the track) magnetron
cathode just described has 0° of tilt for its magnets with respect to
the cathode perpendicular. Figure 2 shows a 28 cm square track in
action. This cathode was one of many tested in a small vacuum
facility where DC helium discharges were struck.



4

Figure 2: 0° Square Magnetron Cathode @ 28 cm

Arrangements tested included those with magnet orientation
tilted inward, outward, at 90° and with a trench between pole faces
along the track, and a single rail oriented at 90° where the plasma
ring rested above it. The arrangement that ultimately produced the
lowest DC voltage for the current drawn was a “fin” above the
cathode plate with an embedded single line of magnets at 90°. A
plasma ring, or halo, circled the fin. Hollow cathodes (note the 2 cm
diameter hole in Figure 2), and traditional glow discharges were also
tested.

Ionizat ion  Parameter α 0τ

The electron temperature is assumed known in the model of
the magnetron cathode fall region1. In reality the electron
temperature adjusts to ensure that enough ionization occurs in the
cathode fall to both maintain global current continuity, and to
compensate for charge losses. For the helium discharges investigated
this means that about 2.5 ionizations occur per charge transported
between the cathode and the exterior plasma (positive column). This
ratio was found to be the same in both glow and magnetron cathode
discharges.
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The cathode fall voltage that results in any given helium
discharge is simply that needed to produce α 0τ ≈ 2.5, where α 0 is the
ionization coefficient, and τ  is the transit time of electron fluid from
the cathode surface through the cathode fall. For a magnetron
cathode the “fall” extends to a point where plasma is unmagnetized,
that is to say where the electron cyclotron frequency is less than the
electron-neutral collision frequency. In a glow discharge a high
cathode fall voltage and electric field are required in order to have
electrons produce enough ionization during their rapid and brief
transit. Lower voltage occurs in a magnetron cathode because the
transverse magnetic field ensures a more leisurely drift of electrons
from the cathode, and thus more time for lower energy electrons to
produce the required ionization before they reach the positive
column.

0. 50. 100. 150. 200. 250. 300.
120.

140.

160.

180.

200.

220.

240.

260.

280.

Figure 3: Model matched to experiment
In comparing the model with experiments Te is taken as that

value which produces α 0τ ≈ 2.5 for the given B (x,y), gas density, and
dimensional parameters. Figure 3 shows a comparison of voltage-
pressure curves for the square, 0° magnetron cathode of Figure 2.
Actual data points are at p = 15, 30, 100, and 300 milli-torr. Each
data curve is at a constant current (15, 50, and 100 mA: thin lines,
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bottom up). A model curve that follows the experimental trend is
shown as a bold solid line.

The α 0τ  values that result from the model at each pressure by
this comparison are shown as the bold solid line in Figure 4. Also
shown in Figure 4 is a similar result (dashed line) for a magnetron
cathode with magnets tilted at 90° to the cathode surface (a single
track). Note that α 0τ ≈ 2.5.
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Figure 4: Ionization parameter to match experiments

For the examples of Figures 3 and 4, Te hovers near 7 eV; this sets α 0.
For the 0° magnetron the model now provides an estimate of the
electron fluid transit time, τ ,  and the extent of the cathode fall, y0.
Figure 5 shows these results (time is solid, distance is dashed).
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Figure 5: Electron fluid transit time (τ , µs), and extent of
magnetron cathode fall (y0 , cm)
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 Figure 6: α 0τ  through magnetron cathode fall (Te = 7 eV),
( B s u r f a c e  = 520 gauss,  p = 30 milli-torr,  V = 200 volts)
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Figure 6 shows the profile of dimensionless product α 0τ  through the
magnetized cathode fall in this 0° example. This plot can be viewed
as the average number of ionizations per transported electron charge
at a given distance from the cathode surface. Estimates of helium
glow discharge α 0τ  range between 1.5 and 3. One estimate is the
product [α 0(εc = Vc⋅λ e/dc)] × [dc(Vc , p)] / [ve(εc)], where Vc is the
cathode fall voltage, dc is the fall length (which depends on Vc, and
pressure), λ e is electron mean free path, εc is an electron energy, and
ve is the electron velocity. Vc, dc, and α 0(ε) are taken from data2,3.

-40. -30. -20. -10. 0. 10. 20. 30. 40. 50.
160.

180.

200.

220.

240.

260.

280.

300.

320.

340.

360.

Volts @ tilt angle

30 mTorr 

520 Gauss @ 0°

tilt in tilt out

ατ  = 2.54

Figure 7: Model volts @ tilt angle in degrees
Experiments showed that magnetron halos had a preference for

the sides of magnets, between their pole faces. When the magnets of
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the 0° geometry were tilted away from the cathode normal, they
tended to look more like a single magnet at 90°, and the voltage
required to conduct a given current fell. The fin magnetron described
earlier is essentially a 90° arrangement where the “top” and “bottom”
sides (between poles) of the magnet are utilized as either side of the
fin. The fin magnetron cathode operated at 160 volts DC, with little
variation between 15 and 300 milli-torr. This trend of voltage with
magnet tilt is captured in model calculations where α 0τ = 2.54, see
Figure 7.

By comparing experiment with theory it is found that the
appropriate electron temperature to use in any simulation of a
magnetron cathode fall in helium is that which gives α 0τ ≈ 2.5. A glow
discharge that conducts the same current will produce the same α 0τ ,
though at much higher voltage. On the basis of this criterion a wide
variety of magnetron cathode geometries can be calculated and
compared. The model now becomes a useful engineering tool.

Example: PEPC 0° Magnetron Cathode

An example of the use of this model will be given by showing a
variety of cross sectional views for an idealized 0° PEPC magnetron
cathode. In this example p = 30 milli-torr, Φ∞  = 280 volts, Bx-max =
1560 gauss, j∞  = 1.2 mA/cm2, I0 = 5.18 mA/cm(of track length), Te =
4.5 eV. A schematic of the magnetron is shown as Figure 8. The
calculations span a section of the (XY) plane from the cathode surface
to the edge of the cathode fall (y0) 8.7 cm away (Y-axis in Figure 8),
and twice as wide as the pole-to-pole spacing of the magnets, or 3.75
cm wide (0 to -XB, or 0 to XB in Figure 8). Figure 9 shows the
orientation of the illustrations in Figure 10 through Figure 16,
which is from the cathode surface, centered on the track, and out
towards the plasma. Figure 10 through Figure 16 are self-
explanatory and show the spatial distributions of all interesting
physical quantities. They are appended to the end of this report.
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Figure 8: Schematic of idealized 0° PEPC magnetron cathode
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Figure 9: Orientation of PEPC example cross sectional views

Applicability of the model

The next point to be discussed is the issue of using a fluid
model, with no charge imbalance and electrostatic sheaths, to model
a low density, magnetized cathode fall. It is well known that fluid
models capture the global aspects of energy flow even in situations
of low electron-neutral collision frequency, especially if magnetism is
present4,5. This model includes the collision frequencies νeN and ν+ N

explicitly, and thus it includes terms in the momentum equations
that are usually eliminated in simple fluids models where 1/ νeN and
1/ ν+N are taken as zero. This helps to extend the applicability to
rarefied conditions.
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The present model has a logical inconsistency in that:

∇ ⋅ E  = 
ρc

ε0

ρc = e(n+ − ne)

ρc -> 0, n+ ≈  ne (quasi-neutrali ty)

Ez -> 0, (2D, no E  || track)

∂Ex

∂x
  +  

∂Ey

∂y
  =  0

Ex << Ey (equipotentials || cathode)

yet: ∂Ey/∂y ≠  0

In the model Ey(y) is defined by a balance between electron joule
heating and ionization.

Let ∆n represent the charge imbalance required in order to
produce (or counteract) local dEy/dy. If ∆n/n << 1, then quasi-
neutrality is a good assumption. Figure 17 shows the results of
calculating ∆n/n along the cathode fall at the midplane of the track,
for the example described above. In regions of low density the model
is less likely to apply, but then those regions are of little effect and
interest in DC operation. The discrepancy with ∆n/n << 1 is largest at
the cathode surface and diminishes to insignificance with coordinate
y. The local electric field is seen to be small in comparison to the
electric field within a Debye length, except very close to the cathode.
This indicates that throughout most of the cathode fall there is more
than enough charge to produce the electric field without a significant
departure from charge neutrality. Also, the assumption of a
continuum plasma is reasonable because there are many Debye
lengths within the length scale of the cathode fall.

Naturally, close to the cathode surface both the assumptions of
a continuum and quasi-neutrality must break down, and a non-
neutral particle model is required. The point here is that a fluid
model is more likely to give a wider range of utility and detail for
engineering purposes than any particle model.
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Figure 17: Charge imbalance profile along centerline of
track. Plot scales: density difference in cm- 3 , electric field
in V/cm, inverse Debye length in cm- 1 . Ratios for charge
imbalance density,  and cathode/Debye fields.  All  plots
along y/y0 .
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Other comments

The electron fluid spirals out of the track until it merges into a
bulk flow along the discharge axis. It can be seen in Figure 13 that vy
increases with distance from the cathode while vz diminishes. This
spiral could be seen by the luminosity pattern along the glass wall of
the discharge experiment.

High field and current pulses applied to the DC magnetron
cathode discharge will generate arcs along surfaces of Bx = 0. Note
the spikes in vy, jey, and jey⋅E y in Figures 13, 14 and 15. Electrons in
these regions, though relatively few in number during DC operation,
are quite free to move, to quickly gain energy, and to initiate
ionization avalanches that grow into sparks. Beware of the quasi-
static approximation: that pulsed operation will look like a DC plasma
with much larger density. Regions of Bx = 0 can be thought of as low
inductance zones, whereas those of tightly confined plasma are high
inductance zones with respect to the global discharge circuit. If the
pulse time scale is large compared to the magnetron cathode τ , then
the quasi-static approximation is reasonable. In the idealized PEPC
example, τ  = 113 µs at the midplane of the track, and 3 µs above the
pole faces.

Conclus ions

Five conclusions have been reached:

1 ) α 0τ  is the parameter that determines Te in the cathode fall
model, and for helium α 0τ ≈ 2.5.

2 ) α 0τ  for a magnetron cathode fall is equivalent to α 0τ  for a glow
discharge carrying the same current.

3 ) The model describes the overall plasma and energy flow in 2D
and DC, given the proper Te.

4 ) Continuum plasma and quasi-neutrality are good
approximations. Fluid models are useful for engineering.

5 ) Pulsing may channel the discharge current into an arc along the
B x = 0 surface. Quasi-static behavior occurs when the pulse
time scale is much larger than the parameter τ .
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Figure 10: Bx  (transverse) and By  (perpendicular), gauss.
Pole faces reside where By  is of large amplitude.



1 7

1 . 8 3 2

0 . 6 5

NClog (n/n(@y 0 ))

0 . 0 7 9

2 . 3 0 4

JClog (j y /j y (@y 0 ))

Figure 11: Relative logarithmic distributions: plasma &
perpendicular current density. Note minima over poles.
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Figure 12: Distribution of plasma and perpendicular current
density. Note x-edges: not all the circuit current is funneled
between the magnets.



1 9

7 3 . 3 3 6

2 8 4 7 0 . 9 8 4

NC
v y , m/sec

2 8 4 7 7 . 5

2 8 4 7 7 . 6 7 2

JC
v z, m/sec

Figure 13: Electron fluid velocity,  perpendicular and
circulating. Note low vy  near cathode, high vy  at low Bx .
Also note antiparallel circulation, vz , along outer shoulders
of magnets.
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Figure 14: Electron and ion portions of perpendicular
current density. Note transition from electron carriers to
ion carriers of circuit current in cathode fall. Expect sputter
trench profile to look like j+ y (x, y=0).
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Figure 15: Electron and ion power densities. These show
regions of ionization, and particle acceleration. Ion power
at y=0 suggests profile of sputter trench.
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Figure 16: Magnetron current density. This is purely an
electron drift parallel to the cathode surface along the
closed track. Note the opposite directions of drift inside the
track, and outside along the magnet shoulders.


